We study a leptogenesis via decays of heavy Majorana neutrinos produced non-thermally in inflaton decays. We find that this scenario is fully consistent with existing supersymmetric inflation models such as for topological or for hybrid inflation and the Froggatt-Nielsen mechanism generating hierarchies in quark and lepton mass matrices. The reheating temperature T R of inflation may be taken as low as T R ≃ 10 8 GeV to avoid the cosmological gravitino problem.
Introduction
Primordial lepton asymmetry is converted to baryon asymmetry [1] in the early universe through the "sphaleron" effects of the electroweak gauge theory [2] if it is produced before the electroweak phase transition. Therefore, lepton-number violation at high energies may be an important ingredient for creating the baryon (matter-antimatter) asymmetry in the present universe. A generic low-energy prediction of the leptogenesis is the presence of effective operators for the lepton-number violation such as
where M is the scale of lepton-number violation, l i (i=1,2,3) lepton doublets and H the Higgs scalar field in the standard model.
The above operators induce small neutrino masses [3] in the true vacuum H ≃ 246/ √ 2
GeV. There is now a convincing experimental evidence [4] that neutrinos have indeed small masses m ν of order 0.01-0.1 eV. Thus, the leptogenesis scenario [1] seems to be the most plausible mechanism for creating the cosmological baryon asymmetry.
The lepton-number violating operators Eq. (1) arise from the exchange of heavy Majorana neutrinos N i (i=1,2,3). Decays of these heavy neutrinos produce very naturally lepton asymmetry if C and CP are not conserved [1] . There have been, so far, proposed and investigated various scenarios for the leptogenesis depending on production mechanisms of the heavy Majorana neutrinos N i [1, 5, 6, 7] .
In this letter we discuss a leptogenesis scenario where N i are produced non-thermally in inflaton decays [6] . We find that this scenario is fully consistent with existing inflation models such as for topological [8] or for hybrid inflation [9] , and the Froggatt-Nielsen (FN) mechanism [10] generating hierarchies in the quark and lepton mass matrices. The reheating temperature T R of inflation may be taken as low as T R ≃ 10 8 GeV avoiding the cosmological gravitino problem [11] .
We assume supersymmetry (SUSY) throughout this letter. In SUSY models there is an interesting leptogenesis mechanism [12] of the Affleck-Dine type whose detailed analysis will be given elsewhere.
Lepton asymmetry in the decays of heavy Majorana neutrinos
Decays of the heavy neutrinos N into leptons l and Higgs H u doublets violate lepton-number conservation since they possess two decay channels, Taking the maximal CP violating phase |δ eff | ≃ 1, m ν 3 ≃ 3 × 10 −2 eV suggested 2 from the Superkamiokande experiments [4] , and H u ≃ 174/ √ 2 GeV, 3 we get [15] ǫ 1 ≃ −10
Let us now consider the production of heavy neutrino N 1 through inflaton ϕ decays, which leads to a constraint on the inflaton mass m ϕ as
We consider the case where M 1 > ∼ 100T R (T R is the reheating temperature of the inflation). 4 In this case the Majorana neutrino N 1 is always out of thermal equilibrium even if it has O(1)
Yukawa coupling to H u and l i , and the N 1 behaves like frozen-out, relativistic particle with the energy E N 1 ≃ m ϕ /2. As we will see in the next section, the N 1 decays immediately after produced by the inflaton decays and hence we obtain lepton-to-entropy ratio [6] 
where B r is the branching ratio of the inflaton decay into N 1 channel. We impose T R < ∼ 10
8
GeV which is required to suppress sufficiently the density of the gravitino [11] . Notice that the reheating temperature T R is bounded from below, T R > ∼ 10 6 GeV, otherwise the produced lepton asymmetry is too small as n L /s < 10 −10 .
The lepton asymmetry in Eq. (10) is converted to the baryon asymmetry through the "sphaleron" effects which is given by
with a ≃ −8/23 [16] in the minimal SUSY standard model. To explain the observed baryon
2 The atmospheric neutrino oscillation observed in the Superkamiokande experiments indicates the neutrino mass squared difference m 2 ν3 − m 2 ν2 ≃ (0.5-6) × 10 −3 eV 2 [4] . Assuming mass hierarchy in the neutrino sector, m ν3 ≫ m ν2 , we obtain m ν3 ≃ (2-8) × 10 −2 eV. 3 In the SUSY standard model H u = sin β H . We assume, here, tan β ≡ H u / H d ≃ O(1), where H u and H d are Higgs supermultiplets couple to up-type and down-type quarks, respectively. If one takes tan β ≃ 50 the lepton asymmetry is reduced only by factor 2.
4 Inflation models we discuss in this letter satisfy this condition. we get a constraint
3 Froggatt-Nielsen model for neutrino masses and mixing angles
The Froggatt-Nielsen (FN) mechanism [10] is the most attractive framework for explaining the observed hierarchies in the quark and charged lepton mass matrices, which is based on a broken U(1) F symmetry. A gauge singlet field Φ carrying the FN charge Q Φ = −1 is assumed to have a vacuum-expectation value Φ and then the Yukawa couplings of Higgs supermultiplets arise from nonrenormalizable interactions of Φ as
where Q i are the U(1) F charges of various supermultiplets Ψ i , g ij O(1) coupling constants, and the gravitational scale M G ≃ 2.4 × 10 18 GeV. The mass hierarchies for quarks and charged leptons are well explained in terms of their FN charges with ǫ ≡ Φ /M G ≃ 1/17 [17] .
We adopt the above mechanism to the neutrino sector. Possible FN charges for various supermultiplets are shown in Table 1 . The charges for e c i are taken to be the same as those of up-type quarks assuming that they belong to the same 10's in the SU(5) grand unified theory.
The charge a of the l 3 may be 0 or 1 (see Ref. [17] for details). The assignment of the FN charges for the lepton doublets yields a mass matrix for neutrinos [17, 15] as
Here, Majorana masses M i of the heavy neutrinos N i are given by M i = ǫ 2Q i M 0 with Q i being the FN charges of N i . This mass matrix leads to a large ν µ -ν τ mixing angle, which is consistent with the atmospheric neutrino oscillation [17] . Using m ν 3 ≃ 3 × 10 −2 eV we may derive
Hereafter, we assume a = 0 and M 0 ≃ 10 15 GeV for simplicity. Notice that the final result depends only on B r , T R and M 1 /m ϕ as seen in Eq. (10), and hence the FN charge a itself is irrelevant to the present analysis. For d = 1 and d = 2 we obtain M 1 ≃ 10 13 GeV and 10
10
GeV, respectively. 5 The partial decay rate Γ(
For the case of M 1 ≃ 10 10 GeV we see from Eq. (13) that the inflaton mass should lie in a range of 10 10 GeV < ∼ m ϕ < ∼ 10 12 GeV to explain the present observed baryon asymmetry. We will find in the following section that a topological inflation model [8] proposed recently satisfies this condition and T R ≃ 10 8 GeV. The total decay rate of the
GeV which is much larger than the inflaton decay rate
GeV, and hence the N 1 decays immediately after produced by the inflaton decay.
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For the case of M 1 ≃ 10 13 GeV we find from Eq. (13) that the inflaton mass of 10
GeV is required, which nicely fits in a SUSY hybrid inflation model [9] as seen in the next section. We find that Γ N 1 ≫ Γ ϕ in this case and our approximation used in deriving Eq. (10) is also justified.
Leptogenesis in inflaton decays
We are now at the point to discuss the leptogenesis in inflaton decays. We first consider the case of M 1 ≃ 10 10 GeV and a topological inflation model with the inflaton mass of 10 10 GeV < ∼ m ϕ < ∼ 10 12 GeV. We adopt a SUSY topological inflation which has been proposed in Ref. [8] .
The model has the following superpotential W and Kähler potential K;
where v is the energy scale of the inflation, g, k 1 and k 2 are constants of order unity, and the ellipsis denotes higher order terms. Here, we impose U(1) R × Z 2 symmetry and omit higherorder terms for simplicity. We assume χ(θ) → e −2iα χ(θe iα ) and φ(θ) → φ(θe iα ) under the 5 For the case of a = 1 we obtain M 1 ≃ 10 10 GeV for d = 1. 6 Perturbative calculation in the present analysis is justified, since Γ N1 ≪ M 1 . U(1) R , and χ is even and φ is odd under the Z 2 . This discrete Z 2 symmetry is an essential ingredient for the topological inflation [18] .
The potential of scalar components of the supermultiplets χ and φ is obtained in the standard manner, which yields SUSY vacua
in which the potential energy vanishes. Here, the scalar components of the supermultiplets are denoted by the same symbols as the corresponding supermultiplets.
A topological inflation [18] occurs if the vacuum-expectation value φ is of order of the gravitational scale M G . The critical value η cr of φ for which the topological inflation occurs was investigated in Refs. [19, 20] . We adopt the result in Ref. [19] , which gives
Thus, for topological inflation to take place, η should be larger than η cr .
The potential for the region |χ|, |φ| ≪ M G is written approximately as
Since the χ field quickly settles down to the origin for the case k 2 > ∼ 1, we set χ = 0 in Eq. (22) assuming k 2 > ∼ 1. For g > 0 and k 1 < 1, we identify the inflaton field ϕ/ √ 2 with the real part of the field φ since the imaginary part of φ has a positive mass larger than the size of the negative mass of ϕ near the origin φ ≃ 0. Then, we obtain a potential for the inflaton as
where κ ≡ 2g + k 1 − 1. The inflaton has a mass m ϕ
in the true vacuum Eq. (20) .
The slow-roll condition for the inflation is satisfied for 0 < κ < 1 and ϕ < ϕ f where ϕ f is of order of M G , which provides the value of ϕ at the end of inflation. The scale factor of the universe increases by a factor of e N when the inflaton ϕ rolls slowly down the potential from ϕ N to ϕ f . The e-fold number N is given by
The amplitude of primordial density fluctuations δρ/ρ due to the inflation is written as
This should be normalized to the data on anisotropies of the cosmic microwave background radiation (CMBR) by the Cosmic Background Explorer (COBE) satellite [21] . Since the e-fold number N corresponding to the COBE scale is about 60, the COBE normalization gives
In this model the spectrum index n s is given by (for details see Ref. [8] )
Since the COBE data implies n s as n s = 1.0 ± 0.2 [21] , we should take κ < ∼ 0.1. Along with Eqs. (25) and (27), we obtain
which leads to m ϕ ≃ 3.8 × 10 11 GeV,
for κ ≃ 0.1, η ≃ η cr and ϕ f ≃ M G .
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The inflaton decay into 2N 1 occurs through nonrenormalizable interactions in the Kähler potential such as
where ψ i denote supermultiplets for SUSY standard-model particles including N 1 , and C i are coupling constants of order unity. With these interactions the decay rate Γ ϕ of the inflaton is estimated as
which yields the reheating temperature T R given by
for C = i |C i | 2 ≃ 4.3, κ ≃ 0.1, and η ≃ η cr . Therefore, this topological inflation model can provide T R ≃ 10 8 GeV and m ϕ ≃ 10 11−12 GeV, which leads to
7 If one takes κ < ∼ 0.07, one gets m φ > ∼ 10 12 GeV.
for M 1 ≃ 10 10 GeV and B r ≃ 0.1-1.
Next, we study a hybrid inflation model [9] which gives the inflaton mass between 10 13 GeV and 10 15 GeV and T R ≃ 10 8 GeV. 8 The SUSY hybrid inflation model contains two kinds of supermultiplets: one is φ and the others are Ψ and Ψ. The model is also based on the U(1) R symmetry. The superpotential and Kähler potential are given by [23, 24, 9 ]
where the ellipsis denotes higher-order terms, which we neglect in the present analysis. To satisfy the D-term flatness condition we take always Ψ = Ψ in our analysis assuming an extra U(1) gauge symmetry. 9 As shown in Ref. [9] the real part of φ is identified with the inflaton field ϕ/ √ 2. The potential is minimized at Ψ = Ψ = 0 when ϕ is larger than
and inflation occurs for ϕ c < ϕ < M G .
Including one-loop corrections [23] , the potential for the inflaton ϕ is given by
The e-fold number N is estimated as
For λ > ∼ 10 −3 the scales µ and Ψ ≡ ξ are determined by the COBE normalization [Eq. (27)]
where we have used N ≃ 60 at the COBE scale. 10 Then, the mass of the inflaton m ϕ in the true minimum ( Ψ = Ψ = ξ and φ =0) is given by
8 Leptogenesis in the hybrid inflation model has been considered in Ref. [22] , where the lepton asymmetry arises from the decays of the heavy neutrino N 2 in the second family.
9 One may consider the following superpotential instead of Eq. (35); W = −µ 2 φ + λφΨ 2 + λ ′ φΨ 3 /M G + · · · . In this case one does not need the extra U (1) gauge symmetry. The third term is introduced to erase unwanted domain walls. 10 The spectrum index is estimated as n s ≃ 1.
which gives m ϕ ≃ 10 13 -10 15 GeV for λ ≃ 10 −3 -10 −1 . We assume that the inflaton decays through nonrenormalizable interactions in the Kähler potential as
with Σ ≡ (Ψ + Ψ)/ √ 2. The reheating temperature is estimated as
for We should comment on an interesting possibility that the extra U(1) gauge symmetry introduced to fix Ψ = Ψ is nothing but the B − L symmetry, which is spontaneously broken by the condensations Ψ = Ψ = ξ. 11 Namely, the Majorana masses M i of the heavy neutrinos
In this model the inflaton ϕ and Σ decay mainly through the Yukawa couplings Eq. (44) and the reheating temperature is given by
provided m ϕ = m Σ < 2M 2, 3 . We see that the T R is too high as T R > ∼ 10 12 GeV for M 1 ≃ 2g 1 Ψ ≃ 10 13 GeV. Thus, we consider M 1 ≃ 10 10 GeV. In this case we get T R ≃ 10 8 GeV for m ϕ ≃ 10 12 GeV, 13 which yields the desired lepton asymmetry (n L /s) ≃ −10 −10 , since B r ≃ 1.
The small inflaton mass m ϕ or equivalently the small coupling λ ≃ 10 −4 in Eq. (35) may be naturally explained by a large FN charge of φ (e.g. Q φ = 3). 11 The spontaneous breakdown of the B − L gauge symmetry produces cosmic strings. Astrophysical analyses on anisotropies of the CMBR give a constraint ξ < ∼ 6.3 × 10 15 GeV [25] . Thus, the present parameter region Eq. (40) may be accessible to future satellite experiments [26] . 12 The B − L charges of N i , Ψ and Ψ are −1, +2 and −2, respectively. In Ref. [22] the B − L charges of Ψ and Ψ are chosen as +1 and −1 so that one has nonrenormalizable interactions W = g i N i N i ΨΨ/M G .
13 If we take m ϕ ≃ 10 10 GeV (> 2M 1 ), the reheating temperature T R becomes lower as T R ≃ 10 6 -10 7 GeV. The desired lepton asymmetry (n L /s) ≃ −10 −10 may be obtained even in this case, because of m ϕ /M 1 ≃ 2 and B r ≃ 1 [see Eq. (10)].
Conclusions
We have studied the SUSY leptogenesis via the decay of the heavy Majorana neutrino N 1 's which are produced non-thermally in inflaton decays. Generic argument has shown that the leptogenesis works without overproduction of gravitinos if the reheating temperature T R ≃
10
8 GeV and the inflaton mass m ϕ satisfies 2M 1 < m ϕ < ∼ 100M 1 . With use of the FroggattNielsen model the mass of the heavy Majorana neutrino N 1 in the first family is easily chosen as M 1 = 10 10 GeV or M 1 = 10 13 GeV depending on the U(1) F charge for N 1 . We have found that the required inflaton masses and reheating temperature are naturally realized in existing SUSY inflation models such as for topological [8] or for hybrid inflation [9] .
